curves, we examined the cumulative probability of producing one or more spikes as a function of current 2 7 6 injected. A two way ANOVA for factors current and condition showed that cumulative probability of 2 7 7 firing 1 or more spikes as a function of injected current was reduced in DB21 condition [Condition; F (2, 2 7 8 1443) = 37.997 p < 1 x 10 -8 . Current; F (12, 1443) = 51.817, p < 1 x 10 -8 . Interaction; F (24, 1443) = 2 7 9
2.038, p = 0.002. ].The probability of a neuron firing at least once (Top, Figure 3C ) was not significantly 2 8 0 different between DB10 and WT neurons (Holm-Šídák, p = 0.883), in contrast, DB21 had reduced 2 8 1 probability of firing at least one spike from current injections of 100 to 350 pA when compared to DB10 2 8 2 (Holm-Šídák p < 0.05) and from 100 to 400 pA when compared to WT (Holm-Šídák p < 0.05).
8 3
Unfortunately, this particular distribution was neither normally distributed nor homoscedastic due to its 2 8 4 binary nature. Supporting the reduced excitability of DB21 neurons was the finding that median rheobase 2 8 5 (Left, Figure 3B DB10 condition enhances excitability. When examining the probability of these neurons firing twice or 2 9 1 more, neurons from DB10 had significantly greater probability of firing more than two spikes compared 2 9 2 to both WT and DB21 (Bottom, Figure 3C ). This change was significant from current ranges 350-700 pA Rebound spike latency is decreased in DB10 neurons. Another sign that excitability was increased in 3 0 5 DB10 neurons was that latency to first spike after release of hyperpolarizing current injection (Right, 3 0 6 Figure 3B ) was significantly decreased in the DB10 condition (; Mdn = 7.9, IQR = 13.9-7.1, ms) 3 0 7 compared to WT (Mdn = 15.4, IQR = 20.9-11.5, ms)(HS, p < 0.05) and DB21 (Mdn = 15.7, IQR = 21.2-3 0 8
14.1, ms) (Holm-Šídák, p < 0.05) conditions. These data support excitability being enhanced in the DB10 3 0 9
condition. In order to characterize the mechanism of observed changes in firing of MPG neurons, we first 3 1 3 examined passive properties with the prediction that we should observe depolarized resting membrane In order to establish how observed changes in excitability caused by diabetic condition occurred, 3 3 5 we examined whether diabetic condition and age modulated properties of the action potentials shown in 3 3 6 figure 1.
7
Ascending spike slope is increased in response to depolarizing current injection in the DB10 condition 3 3 8 but not first rebound spike. We looked at ascending action potential slope (
) in response to depolarizing 3 3 9 current injections (Figure 1 (1/34) showed secondary AHPs, while 20.6% (7/34) showed both. A Chi Square test showed that these 4 0 8 We specifically focused on subsets of ion channel and receptor genes for this study to start to 4 1 7 understand the underlying mechanisms for changes in excitability that we detected in MPG neurons of 4 1 8 diabetic animals. We sampled alpha subunits for voltage-dependent Ca 2+ channels (CACNA1A-H), a 4 1 9 subset of Na + channels (SCNx), and six families of K + channels (KCNA, KCNB, KCNC, KCND, KCNN, 4 2 0 KCNMA). Of 30 ion channel genes studied, 8 were significantly different between DB10 and control 4 2 1
wild-type animals ( Figure 6 ). The voltage-dependent Ca 2+ channels CACNA1A, CACNA1E and 4 2 2 CACNA1H were significantly higher in DB10 animals relative to control. The only Na + channel gene that 4 2 3 was changed was a significant increase in SCN2A1 in DB10 animals. In addition, 4 K + channel genes 4 2 4
showed altered expression in DB10 animals: KCNA3 was significantly lower in DB10 animals, while 4 2 5 KCNB1, KCNC2, and KCND3 were significantly higher in DB10 mice.
2 6
In DB21 animals, 12 channel genes showed differential expression relative to wild-type controls 4 2 7 (Figure 6 ). CACNA1D and CACNA1G were significantly higher in DB21 animals relative to control.
2 8
There were no significant differences in sodium channel gene expression seen between DB21 and wild-4 2 9 type animals. However, there were 10 different K + channel genes that showed changes in expression in 4 3 0 Some changes seen in DB10 animals resolve to control levels in the DB21 animals, while others 4 3 6 persist throughout the DB21 time point (Figure 6 ). KCNA3 is significantly lower in DB10 animals, and 4 3 7 this change persists into the DB21 group. KCND3 is significantly increased in both DB10 and DB21 4 3 8 animals. Conversely, KCNB1 is significantly higher in the DB10 animals, but returns to control levels in 4 3 9 DB21 animals. Finally, there are some channels that are significantly different only between DB10 and 4 4 0 DB21. KCNA1 and KCND1 are significantly higher in DB21 than DB10, although there is a trend 4 4 1 towards these two channels being downregulated in DB10 overall, even though this does not reach 4 4 2 statistical significance relative to control. The converse is true for KCNB2, which is significantly higher in 4 4 3 DB10 than DB21 -although there is a trend for this channel to be transiently upregulated in the DB10 4 4 4 group. demonstrates that there is overlapping features in all three groups that do not distinguish these groups in 4 5 2 any obvious way. There is one major PC (PC1) that accounts for the majority of the variance in the data 4 5 3 42.5%, Figure 7B ). The variables that most contribute to the variance in spike characteristics largely 4 5 4 consist of features involved in shaping the action potential dynamics underlying spike shape, such as 4 5 5 decay slope, rise slope, and the amplitude of the spike (e.g. spike height, peak amplitude). These would 4 5 6 consistent with changes in Na + and K + channel expression, particularly those subtypes involved in the 4 5 7 spiking itself. However, there is no combination of features that separates the diabetic animals from the 4 5 8 wild-types, or each other, in a discrete fashion. 4 5 9
The PCA for channel expression in the MPG tells a different story. The variance plot of PC1 and 4 6 0 PC2 ( Figure 8A ) shows clear separation of all three groups, and the scree plot ( Figure 8B ) notes that these 4 6 1 two PCs account for the majority of the variance in the data. When looking at the channels that contribute 4 6 2 to PC1 and PC2, it is also clear validation of the changes in expression reported in Figure 6 . By 4 6 3 examining the vector plot in Figure 8A and the contributions to PC1 in Figure 8B , it is possible to 4 6 4 discriminate a group of channels largely responsible for distinguishing the DB21 animals. The top ten 4 6 5 contributors to PC1 consists entirely of channels that are uniquely differentially expressed in DB21 4 6 6 animals relative to both DB10 and control. Conversely, by examining the top ten contributors to PC2 -in 4 6 7 conjunction with the vector plot -it can be seen that PC2 consists of channels uniquely differentially 4 6 8 expressed in DB10 animals (CACNA1A, CACNA1E, SCN2A1, KCNB1, KCNC2) as well as channels that 4 6 9 are both changed in the same direction in DB10 and DB21 (KCND3). One of our most important findings was that excitability of MPG neurons in Lepr db/db females changes 4 9 2 nonlinearly with the amount of time exposed to the diabetic environment. Specifically, we observed that 4 9 3 10 week Lepr db/db mice had an increased probability of firing two or more spikes, and decreased rebound 4 9 4 spike latency; both of which are measures of increased overall neuronal excitability. In contrast, week 210 upregulated mRNAs encoding several low threshold slow deactivating potassium currents that would be 5 8 1 associated with excitability changed in 10-week animals, but were then resolved closer to wild-type levels 6 0 0 in the 21-week animals. These properties include both characteristics of intrinsic excitability (e.g. 6 0 1 probability to fire, threshold, and rebound latency) as well as many of the characteristics of the individual 6 0 2 action potentials of these neurons as well. Yet, our expression profiling of the MPGs does not simply 6 0 3 reveal a resolution at 21-weeks of changes in expression that occur in the 10-week animals. Rather, our 6 0 4
PCA reveals that the overall expression patterns in MPGs of wild type, 10-week, and 21-week animals are 6 0 5 entirely distinct. Taken together, we suggest that these results represent an apparent compensatory 6 0 6 response, where neurons of the MPG in younger diabetic mice are less adapted to hyperglycemia, or the 6 0 7 associated bladder cystopathy, than older diabetic mice that have been exposed to hyperinsulinemia for 6 0 8 Table 2 . Negative or redundant statistical summary that was normal and homoscedastic. † Internal control that is essentially the RMP right after rebound. Each number corresponds to a given measurement, as described in the Methods. These numbers are 6 2 0 referred to in the Results section when relevant. 6 2 1 Figure 2 A.
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